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 Spatial relationships and mechanisms of coexistence between 
dominant and subordinate top predators 
 S.  Rebollo ,  S.  Mart í nez - Hesterkamp ,  G.  Garc í a - Salgado ,  L.  P é rez - Camacho ,  J. M.  Fern á ndez - Pereira 
 and  J.  Jenness 
 S. Rebollo (http://orcid.org/0000-0001-8797-1122) (salvador.rebollo@uah.es), S. Mart í nez-Hesterkamp, G. Garc í a-Salgado, L. P é rez-Camacho 
and J. M. Fern á ndez-Pereira, Forest Ecology and Restoration Group, Depto de Ciencias de la Vida, Univ. de Alcal á , Alcal á de Henares, Madrid, 
Spain.  – J. Jenness, Flagstaﬀ , AZ, USA. 
 Most forest ecosystems contain a diverse community of top-level predators. How these predator species interact, and how 
their interactions inﬂ uence their spatial distribution is still poorly understood. 
 Here we studied interactions among top predators in a guild of diurnal forest raptors in order to test the hypothesis 
that predation among competing predators (intraguild predation) signiﬁ cantly aﬀ ects the spatial distribution of predator 
species, causing subordinate species to nest farther away from the dominant ones. 
 Th e study analyzed a guild in southwestern Europe comprising three raptor species. For 8 years we studied the spatial 
distribution of used nests, breeding phenology, intraguild predation, territory occupancy, and nest-builder species and 
subsequent nest-user species. 
 Th e subordinate species (sparrowhawk  Accipiter nisus ) nested farther away from the dominant species (goshawk  A. genti-
lis ), which preyed on sparrowhawks but not on buzzards  Buteo buteo , and closer to buzzards, with which sparrowhawks do 
not share many common prey. Th is presumably reﬂ ects an eﬀ ort to seek protection from goshawks. Th is potential positive 
eﬀ ect of buzzards on sparrowhawks may be reciprocal, because buzzards beneﬁ t from old sparrowhawk nests, which buz-
zards used as a base for their nests, and from used sparrowhawk nests, from which buzzards stole prey. Buzzards occasionally 
occupied old goshawk nests. 
 Th ese results support our initial hypothesis that interspeciﬁ c interactions within the raptor guild inﬂ uence the spatial 
distribution of predator species in forest ecosystems, with intraguild predation as a key driver. We discuss several mecha-
nisms that may promote the coexistence of subordinate and dominant predators and the spatial assembly of this raptor 
guild: spatial refuges, diﬀ erent breeding phenology, spatial avoidance, low territory occupancy between neighboring nest-
ing territories, nest concealment and protection, and diet segregation. 
 Most forest ecosystems contain a complex community of 
top-level predators diﬀ ering in size, diet and hunting strate-
gies (Reynolds and Meslow 1984). Th ese predator species 
interact with one another through competition, predation 
(also designated as superpredation in this particular case, 
Louren ç o et  al. 2011), intraguild predation (a combina-
tion of predation and competition; Polis et  al. 1989), and 
facilitation (where a species beneﬁ ts another species without 
being negatively aﬀ ected itself, Rebollo et  al. 2011). Th ese 
interactions can inﬂ uence how the predator species are spa-
tially distributed in the ecosystem (Kostrzewa 1991, Gamauf 
et  al. 2013). Th is spatial distribution of predators can then 
determine the spatial distribution of predation pressures, 
especially when the predators are central-place foraging 
species and organize hunting activities from a central point, 
such as raptor nests during the breeding season (Byholm 
et  al. 2012). If predators tend to nest far from one another, 
it may generate enemy-free areas for non-shared prey 
(Th omson et  al. 2006, M ö nkk ö nen et  al. 2007). Conversely, 
if predators tend to nest close together, it may generate areas 
of more intense predation pressure on shared prey. Th ere-
fore, analyzing the spatial distribution of predators in the 
same guild has theoretical and applied (e.g. conservation 
strategies of communities of top predators) value in ecology 
because it provides insights into predator – prey systems and 
mechanisms of predator coexistence that are more realistic 
and integrated than insights gained from mono-speciﬁ c 
approaches. 
 Several factors inﬂ uence the spatial distribution of forest-
dwelling raptors. Cornulier and Bretagnolle (2006) classiﬁ ed 
them into ﬁ rst- and second-order factors, without implying 
an order of relative importance. First-order factors relate to 
the environmental heterogeneity characteristic of patchy 
environments, such as vegetation types, while second-order 
factors deal with social interactions between individuals of a 
population that lead to intraspeciﬁ c association or repulsion. 
In the present study, we develop the concept of third-order 
factors, which refer to interspeciﬁ c interactions between top 
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predator species. Relatively few studies have attempted to 
disentangle the inﬂ uence of third-order factors on the spa-
tial distribution of top-level predators in forest ecosystems 
while taking into account ﬁ rst- and second-order factors 
(but see Katzner et  al. 2003, Morosinotto et  al. 2017). To 
a large extent, this gap in the literature reﬂ ects the diﬃ  culty 
of the task: for example, diﬀ erent ﬁ rst-, second- and third-
order factors can produce similar patterns of proximity or 
distance between individuals at a given spatial scale, leading 
to misinterpretations about the causes of the observed spatial 
distribution (Cornulier and Bretagnolle 2006). In addition, 
the three levels of factors are not always independent. For 
example, habitat preference (ﬁ rst-order factors) may depend 
not only on population density (second-order) but also on 
interspeciﬁ c interactions (third-order) such as intraguild 
predation (Newton 1986, Sergio et  al. 2003). 
 In the present work we analyzed spatial relationships 
in a community of diurnal forest raptors comprised of 
three central-place foragers: northern goshawk  Accipiter 
gentilis , common buzzard  Buteo buteo and Eurasian spar-
rowhawk  A. nisus , hereafter referred to as goshawk, buzzard 
and sparrowhawk. Th ese three species often constitute the 
core of the diurnal forest-dwelling raptor guilds in Europe 
(Zuberogoitia and Mart í nez 2011). We studied breeding 
season relationships of the three species with the following 
speciﬁ c objectives. First, to identify positive, negative and 
neutral relationships among species (third-order factors) 
by analyzing whether nests were located closer together or 
farther apart than predicted by chance, while taking into 
account intraspeciﬁ c territoriality (second-order) and habitat 
preferences of each species (ﬁ rst-order). We hypothesized that 
interspeciﬁ c interactions, particularly intraguild predation, 
would determine the spatial organization of the predator 
guild. We expected that the goshawk, as a potential predator 
of adults and nestlings of the other two species, would act 
as the dominant species (Kostrzewa 1991, Kr ü ger 2002a, 
Chakarov and Kr ü ger 2010, Bj ö rklund et  al. 2016). Buzzards 
and sparrowhawks, in turn, would act as subordinate species, 
so their nests should lie farther from used goshawk nests. 
We also expected that used buzzard and sparrowhawk nests 
would be located independently of each other, although they 
might lie close to each other in spatial refuges of goshawk 
predation. 
 Second, to identify possible explanations for non-random 
proximity/separation between nests of diﬀ erent species. 
Th ese explanatory variables included: breeding phenol-
ogy, the consecutive use of the same nest by diﬀ erent spe-
cies, simultaneous occupancy between neighboring nesting 
territories of diﬀ erent species, and intraguild predation. 
Although some studies of interactions among these three 
species have been published (Fasola and Zanghellini 1993, 
Sel å s 1997, Hakkarainen et  al. 2004), we are unaware of 
previous studies analyzing the implications of these interac-
tions on the spatial distribution and assembly of this forest 
raptor guild (but see Chakarov and Kr ü ger 2010, Bj ö rklund 
et  al. 2016, Mueller et  al. 2016). 
 Material and methods 
 Study area 
 Th e study was conducted on the peninsula of Morrazo 
(183.3 km 2 ) in northwestern Spain (lat. 42 ° 20 ′ , long. 8 ° 47 ′ ) 
(Fig. 1), an area of rough topography at a mean altitude 
of 213 m (range 0 – 646 m). Th e climate is humid oceanic 
with an average annual precipitation of 1586 mm and tem-
perature of 14.4 ° C (Carballeira et  al. 1983). Nearly half 
(42.5%) the area is covered by planted or regenerated euca-
lyptus forests  Eucalyptus globulus (a perennial exotic species 
of Australian origin), English oaks  Quercus robur and 
maritime pines  Pinus pinaster ; 8.4% is covered by young 
 Figure 1. Location of the study area in the southwest of Europe and the northwest of the Iberian Peninsula. 
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tree formations; 35.4%, by crops and scattered houses; and 
13.6%, by urban areas, scrublands and beaches. Forests are 
mainly private with low-intensity harvests in small-sized 
plots (80% smaller than 0.5 ha;  Á lvarez-Taboada 2005) with 
varied rotations; some sites have rotations exceeding 50 yr. 
From aerial photographs and detailed ﬁ eld surveys we gener-
ated a map of the diﬀ erent forest types (Table 1 and Supple-
mentary material Appendix 1 Fig. A1). Th e study area has 
a relatively high breeding pair density of goshawk, buzzard 
and sparrowhawk (Rebollo et  al. 2011, P é rez-Camacho et  al. 
2015). Other diurnal forest raptors such as European honey 
buzzard  Pernis apivorus are rare in this area (0 – 5 breeding 
pairs yr  – 1 ) and were not considered in this study. Eagle owls 
 Bubo bubo , which may prey on goshawk and buzzard, are not 
present in the study area. Tawny owl  Strix aluco is present in 
the area and may prey on nestlings of sparrowhawk (Newton 
1986). 
 Characteristics of raptor species 
 Goshawks and buzzards are medium-sized raptors and 
sparrowhawks are small raptors. Weights range from 814 –
 1510 g (goshawk), 804 – 923 g (buzzard) and 151 – 268 g 
(sparrowhawk) (Ferguson-Lees and Christie 2001). Th e 
three species show intraspeciﬁ c territoriality during the 
breeding season (Newton et  al. 1977, Penteriani and Faivre 
1997, Reich et  al. 2004) and show diﬀ erences in breeding 
phenology. Buzzards are usually the ﬁ rst to start breeding 
and sparrowhawks the last, starting more than a month after 
buzzards (Newton 1979, p. 97). 
 Th e three species are sympatric (Sel å s and Rafoss1999, 
Zuberogoitia and Mart í nez 2011) and are frequently found 
nesting in the same forest patch during the same breeding 
season or over multiple years (Solonen 1993). Th e three 
species show similar nesting requirements, however, some 
species diﬀ erences with regard to topography and for-
est structure have also been reported. For example, Fasola 
and Zanghellini (1993) reported elevational diﬀ erences 
among these species, and Newton (1986) reported that 
sparrowhawks use younger forest stands than goshawks. 
Breeding pairs of goshawks and buzzards usually maintain 
several nests, which can be used in alternating years by the 
same or diﬀ erent species (Kr ü ger 2002a). Sparrowhawks, in 
contrast, usually build a new nest near the previous year’s 
nest (Newton 1986). Th e three species probably compete 
for the best nesting sites, being the goshawk the dominant 
species that displaces the other two from the nesting sites 
and even occupies their nests (Newton 1986, Kostrzewa 
1991, Kr ü ger 2002b, Kenward 2006). In addition, they 
might compete for certain hunting habitats; sparrowhawks 
with buzzards, as they both use young forests patches and 
clearings, and goshawks with sparrowhawks, when hunting 
in old woodland (Sel å s and Rafoss 1999). Th e three spe-
cies can also compete for food as they show some overlap 
in diet, with sparrowhawks and buzzards showing the less 
overlap (Tubbs 1974, Newton 1986, Cramp and Simmons 
2004, Kenward 2006). Goshawks feed on small-sized birds 
with this component of the diet varying locally (Rutz et  al. 
2006), even though the main components of their diet are 
usually medium-sized birds and mammals, including raptors 
such as sparrowhawks and, especially in northern latitudes, 
buzzards (Kostrzewa 1991, Kr ü ger 2002a, Garc í a-Salgado 
et  al. 2015). Th us, goshawks are super-predators (Louren ç o 
et  al. 2011) that may inﬂ uence nest spacing of other forest-
dwelling raptors (Gamauf et  al. 2013). Buzzards feed mainly 
on small- and medium-sized mammals and reptiles, occa-
sionally preying on birds and smaller raptors such as spar-
rowhawks (Sergio et  al. 2002, Zuberogoitia et  al. 2006, 
Tapia et  al. 2007). Sparrowhawks are primarily bird-eating 
raptors, feeding on small- and medium-sized birds (Ma ñ osa 
and Oro 1991, Sel å s 1993). Outside the breeding season 
sparrowhawk’s diet probably overlaps more with goshawk’s 
diet as female sparrowhawks hunt larger prey than male 
sparrowhawks do (Newton 1986). 
 Interspeciﬁ c distances and null models 
 Th e study area was systematically surveyed for goshawks and 
buzzards for eight years (2004 – 2011) and for sparrowhawks 
for six years (2006 – 2011) in order to locate as many used 
nests as possible. Th e relatively small size of the study area 
and the territoriality, site ﬁ delity and reuse of the nests by 
the species facilitated detection of used nests. We considered 
used nests to be those where incubation was observed (Reich 
et  al. 2004). Each year, the nearest-neighbor distance (NND) 
between used nests of the same species and the nearest-
neighbor distance between used nests for each pair of species 
were measured. For each pair of species, we estimated the 
shortest distance between used nests in two, non-equivalent 
 ‘ directions ’ : from species A to species B, and from species B 
to species A (Fig. 2). Th is is because calculating the shortest 
distance from A to B takes into account all used nests of 
species A but only the closest used ones of species B, while 
the opposite is true for calculating the shortest distance from 
B to A. Taking as an example the sparrowhawk and goshawk, 
the estimation of the distances A to B and B to A allows us to 
check if the eﬀ ect of goshawk was on all sparrowhawk nests 
or only on the subgroup of sparrowhawk nests located closer 
to goshawk nests. 
 To determine whether species were nesting closer or 
farther apart from each other than one would expect by 
chance, we measured the distance between each used nest 
of a species and the nearest simulated  ‘ nest ’ of each of the 
other two species located at random positions in the forest 
habitat generated using a null spatial model. For each year 
and species, 100 simulated sets of randomly distributed nests 
were used, with each set featuring a number of random nests 
equal to the number of used nests for that particular spe-
cies in that particular year (Table 2). For example, in 2007, 
goshawks had 18 used nests in the study area, so we gener-
ated 100 simulated sets of 18 randomly distributed nests. 
Th is allowed us to calculate, for each used nest and year, 
the distribution of interspeciﬁ c distances corresponding to 
the null hypothesis, which stipulated that interspeciﬁ c nest 
distances purely reﬂ ected chance. Th e null model took into 
account habitat preferences (ﬁ rst-order factor) and intraspe-
ciﬁ c territorial behavior (second-order factor) of each spe-
cies. Th at is, we distributed simulated  ‘ nests ’ at random 
on maps which included all forest types, but excluded for-
est patches smaller than the smallest patch used by a given 
species and elevations above the maximum elevation where 
nests were found. In addition, the simulated  ‘ nests ’ were 
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particular year. Th erefore, the null model assumed that the 
forest cover of the study area was heterogeneous and that not 
all forest environments were equally likely to have used nests. 
A Geographic Information System (ArcGIS 10.0, ESRI 
2010) was used to build these maps of forest environments, 
generate the randomly distributed simulated nests and 
calculate the aforementioned distances. 
 We used two approaches to compare observed and 
simulated distances. In the ﬁ rst approach, we used general-
ized linear mixed models (GLMM) to detect whether the 
average distances between nests for each pair of species were 
larger or smaller than simulated distances, in order to detect 
whether nests of diﬀ erent species were closer together or far-
ther apart than predicted by chance. For each pair of species 
we ﬁ tted a GLMM using the NND as response variable and 
the type of distance (observed or simulated) as the ﬁ xed fac-
tor. Year, territory and nest were included as random factors 
(full model), which allowed to control for the spatiotem-
poral dependence of the data. Each of the above models 
was compared with its null model, which did not include 
the ﬁ xed factor. We assessed model ﬁ t using the Akaike 
information criterion modiﬁ ed for small sample sizes (AICc). 
If the AICc of the full model was smaller than that of the 
null model by more than 6 points (Symonds and Moussalli 
2011), we concluded that the full model was more plausible 
than the null model; in other words, the observed distances 
were diﬀ erent from those expected by chance. GLMMs were 
calculated using the  ‘ lme4 ’ package (Bates et  al. 2013) in R 
3.0.2 (R Development Core Team). 
distributed in each forest type with the same proportion as 
the proportion of observed nests in that forest type (Table 1). 
And ﬁ nally, they were constrained to respect observed 
intraspeciﬁ c distances; the minimum distance between sim-
ulated  ‘ nests ’ was always equal or larger than the minimum 
intraspeciﬁ c distance between nests for that species in that 
 Figure 2. Th e interspeciﬁ c nearest-neighbor distances (NNDs) 
from used nests of the species A to species B, and from species B to 
species A are not equivalent. Note that, in this example, the NNDs 
from species A to species B are much shorter than the NNDs from 
species B to species A, and for the calculations of the NNDs from 
species A to species B, only the four closest used nest of species B 
were taken into account. 
 Table 2. Mean intraspeciﬁ c and interspeciﬁ c nearest-neighbor distances (NNDs) of northern goshawk, Eurasian sparrowhawk and common 
buzzard throughout the study period (2004 – 2011). Each year, the NND between used nests of the same species and the NND between used 
nests for each pair of species were measured. The table also shows the NNDs between the nesting territories that were active for at least one 
year during the study period. 
Mean interspeciﬁ c NND   SE (m)
Species Year/territories n Mean intraspeciﬁ c NND   SE (m) To goshawks To sparrowhawks To buzzards
Goshawk 2004 22 2170.8    136.2 ND 1101.6    137.8
2005 20 2305.3    153.8 ND 1118.2    115.6
2006 20 2198.9    122.8 1840.4    242.0 992.3    136.3
2007 18 2209.0    212.3 1464.2    228.4 1057.7    211.7
2008 18 2404.3    179.8 1018.4    105.5 979.8    168.5
2009 18 2070.5    132.8 1297.7    147.7 1102.7    212
2010 18 2433.8    216.8 1272.0    183.3 860.5    118.7
2011 19 2080.2    142.1 1567.4    270.3 1193.5    208.0
Territories 29 1933.3    84.4 681.8    83.8 397.2    86.7
Sparrowhawk 2006 16 1774.3    268.0 1253.6    139.5 874.1    180.4
2007 22 1718.8    182.8 1359.1    153.3 813.3    175.3
2008 37 1310.3    84.7 1341.4    100 731.6    103.2
2009 26 1486.2    140.4 1687.4    222.6 830.5    150.7
2010 25 1592.4    105.8 1330.4    125.7 773.5    112.1
2011 24 1525.1    136.5 1419.4    179 1022.1    105.1
Territories 57 1052.5    55.9 878    57.0 385    49.5
Buzzard 2004 29 1259.0    170.3 1036.6    110.5 ND
2005 26 1591.3    167.1 1143.1    116.0 ND
2006 28 1657.4    169.6 1174.5    125.9 1531.3    235.9
2007 39 1082.8    102.1 1288.2    134.0 1086.8    124.9
2008 32 1494.9    166.1 1161.8    122.1 608.6    90.3
2009 34 1295.4    121.8 1931.5    269.0 934.7    123.4
2010 42 1137.1    86.8 1296    100.5 1157.3    116.7
2011 30 1071.5    125.8 1209.3    118.6 1450.6    170.3
Territories 84 742.3    38.8 762.2    58.7 554.9    54.3
 Note: ND, not determined. 
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(Table 2). For the pairs of species with relative short mean 
distance (sparrowhawk – buzzard and buzzard – goshawk) we 
considered neighboring territories to be those whose nest (or 
the centroid of the alternative nests when the territory had 
more than one nest) was located less than 400 m from an 
used nest of the other species. For the pair of species with 
a relative high mean distance (sparrowhawk – goshawk) we 
increased the threshold distance to 600 m. In the three 
cases, the threshold distance was less than half the mean dis-
tance. Using a chi-squared test, we compared the frequency 
of occupancy in neighboring territories with the frequency 
of occupancy across all nesting territories of that species. 
Th ese statistical analyses were performed using Statistica 8.0 
(StatSoft 2007), using a signiﬁ cance level of  α    0.05. 
 New nests were catalogued each year, allowing us to track 
nest-builder and nest-user species and to determine if the 
species that used the nest is the same that built it, and how 
frequently this happens. Intraguild predation by goshawk 
was studied by collecting prey remains and installing digital 
photo cameras in 80 goshawk nests (Garc í a-Salgado et  al. 
2015). In addition, cameras were placed in 19 sparrowhawk 
nests (recording a total of 19 427 h during the period of 
nestlings and ﬂ edglings) to estimate the rate of predation of 
sparrowhawk nestlings. 
 Results 
 Density of nests and nesting territories, intraspeciﬁ c 
distances, and habitat preferences 
 Th e average number of used nests per year (  SE) during the 
study period was 32.5    2.0 for buzzards, corresponding to 
a density of 17.7    1.1 breeding pairs 100 km  – 2 ; 25.0    2.8 
for sparrowhawks, or 13.6    1.5 breeding pairs 100 km  – 2 ; 
and 19.1    0.5 for goshawks, or 10.4    0.3 breeding pairs 
100 km  – 2 (Table 2). Th e number of used goshawk nests each 
year decreased during the study period (n    8 yr, Pearson’s 
r    – 0.74, p    0.036), whereas the numbers of used buzzard 
and sparrowhawk nests showed no trends over time. Th e 
number of diﬀ erent nesting territories that were occupied 
during at least one year of the 8-yr study period for gos-
hawks and buzzards or during the 6-yr study period for 
sparrowhawks was 29 for goshawks, 84 for buzzards, and 57 
for sparrowhawks. Th e mean intraspeciﬁ c nearest-neighbor 
distances (NNDs) are shown in Table 2. Goshawks showed 
the longest mean intraspeciﬁ c NNDs between used nests 
(n    8, mean   SE, 2234.1    162.1 m), followed by spar-
rowhawks (n    6, 1567.8    153 m) and buzzards (n    8, 
1323.7    138.7 m). 
 Th e three species preferred to nest in similar forest types 
(Table 1) and had positive values of the Ivlev’s index for 
 ‘ old mixed eucalyptus stands ’ ,  ‘ mixed eucalyptus stands ’ , 
and  ‘ burned eucalyptus stands ’ , suggesting that these for-
est types were used above their availability by the three 
species. Th ese types correspond to the stands with old-
est and tallest eucalyptus trees and with the most diverse 
tree composition. Th ese three types of eucalyptus stands 
occupied 49% of the forest area and contained 88% of gos-
hawk nests, 89% of buzzard nests and 93% of sparrowhawk 
nests. Th e sparrowhawk also showed positive values of the 
 In the second approach we visually compared the fre-
quencies of observed and simulated inter-nest distances to 
identify potential tolerance buﬀ ers among species. We show 
frequency bar graphs of observed interspeciﬁ c distances and 
of randomly distributed simulated interspeciﬁ c distances for 
each pair of species. Our goal was to detect ranges (bins) 
of observed interspeciﬁ c distances that were substantially 
smaller or larger than the corresponding distances expected 
by chance. Frequencies of observed and simulated dis-
tances were estimated separately for each year, and the mean 
frequency and SE were calculated over the entire study 
period. 
 To better consider the full dimensionality of the inter-
speciﬁ c nesting landscape and to explore the potential inﬂ u-
ence of second or third interspeciﬁ c neighbor nests located 
further than the nearest neighbor nest, we applied the same 
analyses performed for the NNDs to the second and third 
nearest neighbors. However, since we did not ﬁ nd any sig-
niﬁ cant eﬀ ect of second and third neighbors (Supplementary 
material Appendix 1 Table A1 and A2), we only show and 
discuss results of the NNDs. 
 We estimated the preference of each species for diﬀ erent 
forest types using the Ivlev index: 
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 where  r represents the percentage of nests found in a forest 
type and  p represents the availability of that forest type 
(percentage of total forest area occupied by that forest). 
Th is index ranges from  – 1 to    1, and positive values were 
considered to indicate preference for a given forest type. 
 Breeding phenology, territory occupancy between 
interspeciﬁ c neighboring nesting territories, nest 
builders and users, and intraguild predation 
 To understand the spatial relationships among the species 
we summarized breeding phenology for the three species in 
the study area because only the species that breeds late in 
the breeding season have the real option to distance or to 
approach the other species. Th e simultaneous occupancy 
between neighboring nesting territories of diﬀ erent species 
can also help to understand the spatial relationships among 
the species. For example, if goshawks predate on neighboring 
sparrowhawks and sparrowhawks nest later than goshawks, 
we would expect nesting goshawk territories that neighbor 
occupied sparrowhawk territories to be more frequently occu-
pied than those goshawk territories located farther away from 
occupied sparrowhawk territories. Similarly, if sparrowhawks 
beneﬁ t from neighboring buzzards, and sparrowhawks nest 
later than buzzards, we would expect nesting buzzard ter-
ritories that neighbor occupied sparrowhawk territories to 
be more frequently occupied than those buzzard territories 
located farther away from occupied sparrowhawk territories. 
Th us, for each used nest of buzzard and sparrowhawk, we 
analyzed whether the neighboring territories of the other 
two species were occupied or unoccupied in the same breed-
ing season. We considered occupied territories to be those 
containing a used nest (incubation observed) in a particular 
breeding season. To establish the neighboring territories, we 
took into account the mean distance between pairs of species 
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of the time, signiﬁ cantly more than the average of 30% 
for the subgroup of goshawk territories within 600 m of 
used sparrowhawk nests (chi-squared    23.10, df    1, 
p    0.001), and signiﬁ cantly more than the average of 45% 
for the subgroup of goshawk territories within 400 m of used 
buzzard nests (chi-squared    16.55, df    1, p    0.001). Of 
the 14 occasions that we observed buzzards using nests built 
originally by goshawks, the goshawks were not nesting in 
that same territory on 11 occasions. 
 Over the entire study period all buzzard territories (a 
total of 84 territories, Table 2) were occupied on average 
39% of the time, signiﬁ cantly less often than the 53% for 
the subgroup of buzzard territories within 400 m of used 
sparrowhawk nests (chi-squared    7.32, df    1, p    0.007). 
 Breeding phenology, construction and use of nests 
 Th e three species showed diﬀ erences in breeding phenology. 
Th e egg-laying period began approximately 12 d earlier 
for buzzards (average laying date    30 March, range    26 
February to 23 April) than for goshawks (average laying 
date    11 April, range    17 March to 19 May), and approxi-
mately one month and a half earlier for goshawks than for 
sparrowhawks (average laying date    24 May, range    22 
April to 29 June). Goshawks built 45 new nests, of which 
nine (20%) were subsequently used by buzzards. Buzzard 
built 56 new nests, none of which were used later by gos-
hawks. Sparrowhawks built 183 new nests and reused fewer 
than 6% of them in the following year. Four (2.2%) of the 
sparrowhawk nests were subsequently used by buzzards and 
one (0.5%) by goshawks. During the study period, buzzards 
used 120 diﬀ erent nests and goshawks 70, meaning that 
3.3% of nests used by buzzards and 1.4% used by goshawks 
were enlargements of nests originally built by sparrowhawks. 
Sparrowhawks did not use nests built by the other two 
species. 
 Intraguild predation by goshawks of sparrowhawks 
and buzzards 
 Goshawks captured 7 sparrowhawks (less than 0.3% of 
prey items identiﬁ ed; n    2618 prey items, Garc í a-Salgado 
et  al. 2015), of which 1 was a nestling, 1 was a ﬂ edgling and 
5 were adults. No goshawk prey items were identiﬁ ed as being 
buzzards. In one of 19 sparrowhawk nests (5.3%) where we 
installed cameras, predation of sparrowhawk nestlings by 
Ivlev’s index for stands of Australian blackwood  Acacia 
melanoxylon , but the availability of this forest type and the 
number of sparrowhawk nests involved was too low as to 
make inferences from this result (Table 1). Goshawks and 
sparrowhawks always bred in forest patches larger than 4.1 
ha; buzzards, in patches larger than 6.0 ha. Regarding to 
elevation, goshawks nested below 340 m; sparrowhawks 
and buzzards, below 370 m. 
 Interspeciﬁ c nearest-neighbor distances (NNDs) 
 Th e longest mean interspeciﬁ c NNDs between used nests were 
found from goshawk to sparrowhawk (n    6, 1410    115.1 m, 
Table 2), followed by sparrowhawks to goshawk (n    6, 
1398.6    61.7 m), buzzard to goshawk (n    8, 1280.1    97.5 
m), buzzard to sparrowhawk (n    6, 1128.2    138.6 m), 
goshawk to buzzard (n    8, 1050.8    41.3 m), and spar-
rowhawk to buzzard (n    6, 840.9    50.1 m). 
 Observed distances between goshawk and buzzard used 
nests were similar to simulated distances expected by chance 
(Table 3). Observed sparrowhawk – buzzard distances were 
smaller than simulated ones, whereas buzzard – sparrowhawk 
distances were similar to simulated ones (Table 3). Th is 
indicates that the closer-than-random proximity of spar-
rowhawk nests to buzzard nests was detectable only when 
considering the subgroup of buzzard nests closest to spar-
rowhawk nests. An average of 33.5% of the sparrowhawk 
nests were located within 400 m from used buzzard nests 
across the study period, compared to only 18% by chance 
(Fig. 3). 
 Observed distances between goshawk – sparrowhawk used 
nests were greater than simulated ones, while sparrowhawk –
 goshawk distances were similar to simulated ones (Table 3). 
Th is indicates that the larger-than-random separation between 
sparrowhawk and goshawk nests was detectable only when 
considering the subgroup of sparrowhawk nests closest to 
goshawk nests. Used sparrowhawk nests were found less 
frequently than expected by chance at distances less than 
600 m from used goshawk nests (Fig. 3), but more frequently 
than chance at distances of 1000 – 1400 m. 
 Territory occupancy between interspeciﬁ c 
neighboring nesting territories 
 Over the entire study period, goshawk territories (a total 
of 29 territories, Table 2) were occupied on average 66% 
 Table 3. Results of generalized linear mixed models (GLMM) used to compare observed nearest-neighbor distances (NNDs) between used 
nests with simulated distances expected by chance for each pair of raptor species (northern goshawk, Eurasian sparrowhawk and common 
buzzard). The full model was considered more plausible than the null model when the AICc of the full model (AICc 1 ) was lower than that of 
the null model (AICc 0 ) by more than 6 points ( Δ i   6). Coefﬁ cients of the full model denote mean distances predicted by the model. 
Interspeciﬁ c nest comparison AICc 0 AICc 1 Δ i  a   SE  b   SE
Goshawk – sparrowhawk 178909 178900 9 1306.40    72.74 222.14    78.83
Sparrowhawk – goshawk 244178 244180  – 2 1381.58    30.64 49.52    65.00
Goshawk – buzzard 242187 242189  – 2 1120.59    45.30 2.90    49.19
Buzzard – goshawk 418323 418325  – 2 1303.45    22.10 2.15    43.93
Sparrowhawk – buzzard 237493 237478 15 1107.54    25.42  – 201.93    38.66
Buzzard – sparrowhawk 328524 328525  – 1 1285.47    46.63  – 50.21    42.56
 Note: AICc, Akaike information criterion modiﬁ ed for small sample sizes; AICc 0 , AICc for null model; AICc 1 , AICc for full model;  Δ i   AICc 0  – 
AICc 1 ;    mean of random distances predicted by the full model;    mean difference between observed and random distances predicted by 
the full model. 
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are larger than buzzards and often prey on buzzard nestlings 
and adults and occupy their nests (Kostrzewa 1991, Kr ü ger 
2002b, Hakkarainen et  al. 2004, Chakarov and Kr ü ger 
2010, Bj ö rklund et  al. 2016, Mueller et  al. 2016). In more 
southern latitudes, such as our study area, goshawks and 
buzzards have more similar body sizes (Cramp and Simmons 
2004, Kenward 2006), which may reduce predation on 
buzzards. However, our results do not exclude other ways 
of dominance of goshawk on buzzard because dominance 
is not only expressed by intraguild predation or a clear spa-
tial avoidance. For example, there can be interference com-
petition over nesting sites, with goshawks being capable of 
reducing buzzards breeding success (Kr ü ger 2002a), and 
over hunting sites, altering the hunting behavior of buzzards 
(time and habitat), with no strong inﬂ uence on nest site 
location. 
 Buzzards beneﬁ ted from goshawk nest-building. Buzzards 
used 20% of nests built by goshawks, but this happened 
more often when goshawks were absent from the same 
nesting territory. Th e number of active goshawk breeding 
pairs decreased over the study period, which likely reﬂ ects in 
part illegal hunting activity, given that we observed traps for 
goshawks was recorded. A buzzard was also detected in one 
sparrowhawk nest, but it was observed to steal only a prey 
item (common blackbird  Turdus merula ), without attacking 
the sparrowhawk nestlings. 
 Discussion 
 Nest spacing in the raptor guild 
 Interspeciﬁ c interactions played an important role in the 
spatial organization of this diurnal forest raptor guild dur-
ing the breeding season. Contrary to our initial hypothesis, 
our results suggest that goshawks were either not dominant 
over buzzards in our study area or they exerted negligible 
dominance. Th is may explain why we did not observe a) pre-
dation by goshawks of buzzard nestlings or adults (Garc í a-
Salgado et  al. 2015), b) goshawks using nests built by 
buzzards, and c) buzzard nests showing larger-than-random 
separation from used goshawk nests during the study period. 
Th is lack of goshawk dominance contrasts with the situa-
tion in more northern European latitudes, where goshawks 
 Figure 3. Frequency distribution of interspeciﬁ c used nest distances, both observed (black bars) and expected by chance based on the 
null model (white bars), for the following species pairs: (a) goshawk – sparrowhawk, (b) sparrowhawk – goshawk, (c) goshawk – buzzard, 
(d) buzzard – goshawk, (e) sparrowhawk – buzzard, and (f ) buzzard – sparrowhawk. Th e bar graphs show the mean percentage of nests located 
within each distance range (bin) for all years under study. Error bars indicate standard error. 
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only predator of sparrowhawk nestlings that we detected 
using nest cameras. Despite this intraguild predation and the 
high goshawk density (15.8 nesting territories 100 km  – 2 ), 
sparrowhawks managed to maintain a relatively high density 
of pairs (31.1 nesting territories 100 km  – 2 ). 
 Mechanisms promoting coexistence between 
dominant and subordinate raptors 
 Our ﬁ ndings support several mechanisms that may have 
promoted the coexistence of the subordinate predator and 
the dominant predator in our study area, and may provide 
keys for understanding the spatial structure (assembly) of 
this raptor guild. 
 1) Intense intraspeciﬁ c competition among individuals 
of the dominant predator. Th is intense intraspeciﬁ c com-
petition among goshawk individuals favors the emergence 
of spatial refuges for subordinate species like sparrowhawks. 
Consistent with this idea, we observed that the mean 
intraspeciﬁ c distance between goshawk pairs was much 
larger than the mean distance between sparrowhawks and 
goshawks (Table 2). Th is probably allowed sparrowhawks to 
ﬁ nd spatial refuges suﬃ  ciently far away from goshawk nests 
with concomitantly lower perceived risk of predation (see 
also Sergio et  al. 2004). Th e relatively stable spatial distribu-
tion of goshawk territories over the study period probably 
helped subordinate predators like sparrowhawks to ﬁ nd 
these refuges more easily. 
 2) Late breeding phenology of the subordinate raptor 
and spatial avoidance from dominant raptor nests. Dem-
onstrated increased nest-spacing of sparrowhawk from 
goshawks, the fact that 70% of sparrowhawks taken by 
goshawks were adults, and they started breeding at least 
one month later than goshawks in our study area, suggests 
sparrowhawks assess the risk of predation according to the 
distance from used goshawk nests and act accordingly. Such 
adaptive distancing from used goshawk nests has already 
been demonstrated in prey even smaller than sparrowhawk 
(M ö nkk ö nen et  al. 2007). 
 3) Low territory occupancy between neighboring nesting 
territories of the subordinate and dominant raptors. Th e 
fact that goshawk territories were occupied on average 66% 
of the time and the subgroup of goshawk territories within 
600 m of used sparrowhawk nests were only occupied an 
average of 30%, suggests that sparrowhawks tended to 
locate their nests in areas with less active goshawk territories 
or in territories previously abandoned by goshawks. Th is 
likely facilitated the coexistence of the subordinate predator. 
Our results also supported that buzzards might use this 
mechanism to reduce interactions with goshawks. 
 4) Nest concealment and protection. Sparrowhawks also 
rely on nest concealment in complex woody structures in part 
to reduce risk of predation. Indeed, sparrowhawks placed 
a high percentage of nests (93%) in the most structurally 
complex forests (mixed eucalyptus stands with high vertical 
development), even though these forests accounted for 
only 49% of the available area.  Eucalyptus stands (an exotic 
tree in the study area), with their low rate of rotation, tall 
height and structural complexity, may favor the availability 
of nesting sites and predator coexistence in this forest rap-
tor guild. Consistent with this idea, the analysis of speciﬁ c 
goshawk in the study area. Th is decline in goshawk breed-
ing pairs releases abandoned goshawk nests that can be used 
by buzzards. Th is suggests that the interactions we observed 
between goshawks and buzzards may have been inﬂ uenced 
at least to some extent by human activity. Th erefore, further 
study is needed to examine these relationships in an envi-
ronment with less human inﬂ uence and to analyze other 
possibilities of interference competition of goshawk over 
buzzard (e.g. breeding performance, hunting behavior, etc). 
 In contrast to the weak spatial relationship between 
goshawk and buzzards nests, we found a stronger associa-
tion between sparrowhawk and buzzard nests. Our initial 
hypothesis was that nests of both species would either show 
independent spatial distributions or would lie closer to each 
other than to goshawk nests in the event that the two species 
relied on the same refuge to avoid predation by goshawks. 
While we found that the two species nested closer together 
than would be expected by chance, it is unlikely that buz-
zards built nests closer to sparrowhawk because most buz-
zards begin laying eggs two months prior to sparrowhawks 
in our study area, when sparrowhawks have not yet built 
nests. It is also unlikely that our results reﬂ ect the use of 
old sparrowhawk nests by buzzards, given that only 3% of 
nests used by buzzards were enlargements of sparrowhawk 
nests. Instead we suggest sparrowhawks built nests closer to 
used buzzard nests in an eﬀ ort to gain protection from gos-
hawk. Support for this hypothesis was that the frequency 
of occupancy of buzzard territories neighboring occupied 
sparrowhawk territories was higher than the frequency of 
occupancy of buzzards across all nesting territories. Territory 
overlap should not promote strong competition between 
sparrowhawks and buzzards because the two species show 
little overlap in diet (Del Hoyo et  al. 1994). Territory over-
lap does not pose high risks of predation on sparrowhawks 
because the predation rate of buzzards on sparrowhawk nest-
lings is low (Sergio et  al. 2002, Zuberogoitia et  al. 2006) and 
no case of predation was detected in our study. We suggest 
that this relationship is positive, since buzzards may indi-
rectly protect sparrowhawks from predation by goshawks 
as our ﬁ ndings suggest that no buzzard adult, ﬂ edgling or 
nestling was predated by goshawk during our 8-yr study. 
Despite buzzards did not avoid goshawks, we think that this 
ability of buzzards to protect themselves from goshawks can 
indirectly beneﬁ t the sparrowhawks that nest near active 
buzzard nests. Th e positive relationship may even be mutual 
because buzzards may beneﬁ t from using old sparrowhawk 
nests as platforms to build their own nests, and from occa-
sionally stealing prey from sparrowhawk nests. Th e spatial 
relationship between sparrowhawks and buzzards might also 
be because they share the same enemy-free space. However, 
we think that our results do not support that explanation 
because distances between goshawk and buzzard nests were 
similar to those predicted by a random distribution. At the 
same time, we caution that we are unable to exclude the pos-
sibility that buzzards and sparrowhawks nest close to each 
other because they share habitat preferences related to fac-
tors that we did not examine (e.g. forest edge). Future work 
should explore these possibilities. 
 Goshawk and sparrowhawk nest spacing suggest spatial 
avoidance by sparrowhawks. Goshawks preyed on spar-
rowhawk nestlings, ﬂ edglings and adults, and they were the 
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 We recommend future researches to conﬁ rm the potential 
eﬀ ects of intraguild interactions on the spatial distribution 
of predation pressures on prey. Indeed, spatial patterns of 
aggregation and spacing that we documented may aﬀ ect the 
spatial distribution of predation pressures on prey of these 
central-place foraging raptors (Byholm et  al. 2012). On one 
hand, some subordinate predators nested far from dominant 
predators, probably generating enemy-free areas around 
the nests of the dominant species for exclusive prey of the 
subordinate predators (Th omson et  al. 2006, M ö nkk ö nen 
et  al. 2007). On the other hand, non-dominant preda-
tor species tended to nest close together, but this appears 
not to generate areas of more intense predation pressure on 
shared prey, because the diets of these predators were almost 
completely diﬀ erent. 
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